Abstract Cardiolipin (CL) is a mitochondria-specific phospholipid which is known to be intimately linked with the mitochondrial bioenergetic machinery. Accumulating evidence now suggests that this unique lipid also has active roles in several of the mitochondria-dependant steps of apoptosis. CL is closely associated with cytochrome c at the outer leaflet of the mitochondrial inner membrane. This interaction makes the process of cytochrome c release from mitochondria more complex than previously assumed, requiring more than pore formation in the mitochondrial outer membrane. While CL peroxidation could be crucial for enabling cytochrome c dissociation from the mitochondrial inner membrane, cytochrome c itself catalyzes CL peroxidation. Moreover, peroxy-CL directly activates the release of cytochrome c and other apoptogenic factors from the mitochondria. CL is also directly involved in mitochondrial outer membrane permeabilization by enabling docking and activation of proapoptotic Bcl-2 proteins. It appears therefore that CL has multiple roles in apoptosis and that CL metabolism contributes to the complexity of the apoptotic process.
clear that in addition to these critical life-supporting roles, mitochondria play a central part in the execution of apoptotic cell death.
The involvement of mitochondria in apoptosis first came into focus with the discoveries that most pro-apoptotic stimuli induce an early release of mitochondrial proteins, which activates the cellular apoptotic program and disrupts mitochondrial bioenergetics [1, 2] . These mitochondrial proteins, known as apoptogenic factors, include cytochrome c, smac/diablo, HtrA2/Omi, AIF and endonuclease G, of which cytochrome c has been the most intensively studied. Cytochrome c is normally involved in the ATP generation pathway in mitochondria, transferring electrons from the cytochrome bc1 complex (complex III) to cytochrome oxidase (complex IV). But once released into the cytosol, cytochrome c induces a cytochrome c/dATP/Apaf-1/pro-caspase-9 complex termed the apoptosome [3] . The apoptosome activates caspase-3, resulting in the degradation of many cellular components. Cells deficient in cytochrome c, Apaf-1, caspase-9 or caspase-3 have impaired apoptosis in response to intrinsic mitochondria-dependent signals, underpinning the importance of these components [4] [5] [6] [7] .
In response to apoptotic signals coming from the cytosol, mitochondria-dependent apoptosis requires permeabilization of the mitochondrial outer membrane. Mitochondrial membrane permeabilization is tightly regulated by proteins of the Bcl-2 family and is often considered the point of no return in the apoptotic signalling cascade, leading to several events such as DNA degradation in the nucleus and exposure of phosphatidylserine (PS) on the outer leaflet of the plasma membrane [8, 9] .
PS was the first lipid identified to have a role in apoptosis regulation, when it was shown that exposure of PS on the surface of apoptotic lymphocytes forms a recognition site for phagocytosis by macrophages [10] . The sphingolipid Cardiolipin is a dimer of phosphatidylglycerol (PG) and phosphatidic acid (PA). It comprises four acyl chains, two phosphate groups and three glycerols (schematically represented by blue circles). Under physiological pH one of the phosphate groups is de-protonated, making cardiolipin a negatively-charged phospholipid ceramide has attracted much attention in recent years. Cellular ceramide levels increase in response to a wide variety of apoptotic stimuli (e.g. TNFα, Fas ligand, IFNγ , staurosporine and etoposide) preceding the mitochondrial steps of apoptosis [11] . Although the mechanism of ceramidemediated apoptosis is still a matter of debate, a growing body of evidence supports a direct effect of ceramide on mitochondria resulting in alterations in bioenergetics, generation of reactive oxygen species and permeabilization of the mitochondrial outer membrane [11] .
Another class of lipids termed cardiolipin (CL) has attracted new interest in the field of cell death. CL is a glycerolbased phospholipid (Fig. 1 ) most of which is found in the mitochondrial inner membrane. Several independent studies suggest that CL has either survival-or death-supporting roles in cells. This review summarizes recent data and discusses the complex and controversial role of CL in apoptosis.
Cardiolipin physiology

Cardiolipin synthesis
The name "cardiolipin" alludes to the fact that it was first isolated from bovine heart. CL or diphosphatidylglycerol, whose dimeric structure distinguishes it from other glycerophospholipids, has the glycerol-phosphate and two acyl groups of each monomer bound together through a single glycerol head. This results in four acyl chains, three glycerols and two phosphate groups per molecule (Fig. 1) . CL is detected exclusively in bioenergetic membranes such as those of bacteria and mitochondria, thus providing more evidence for the endosymbiotic origin of mitochondria. The biosynthetic pathway of CL in mammals has been well described [12, 13] . Briefly, CL is synthesized de novo in a four step pathway catalyzed by four mitochondrial enzymes, yielding a CL archetype. The first three steps correspond to the phosphatidylglycerol (PG) pathway and pass trough the generation of the common intermediates, phosphatidic acid (PA), cytidine-5 -diphosphate-diacylglycerol (CDP-DG) and phosphatidylcytidine-monophosphate (CMP). The final step is unique to CL synthesis and is catalyzed by CL synthase. In this reaction, a molecule of PG condenses with a molecule of the intermediate CDP-DG to yield diphosphatidylglycerol or CL. The human CL synthase gene has recently been identified by its ability to restore a CL profile to the CL synthase deficient yeast mutant crd1 [14] . Considering the variety of fatty acids, the number of potential combinations of the acyl chains is high, and indeed, the pattern of CL molecular species varies between organisms and even between tissues. Eukaryotic CL has a characteristic acyl chain pattern which is restricted to 18 carbons [15] . In human heart the predominant C 18 fatty acid is linoleic acid (C 18:2 ) so heart CL contains mostly C 18:2 acyl chains. However human lymphoblast CL contains predominantly oleyl chains (C 18:1 ) [16] . The significance of this specificity is still not understood. Interestingly, the enzymes involved in the pathway of CL synthesis exhibit no selectivity for a specific acyl chain length [17] . Therefore, once synthesized in mitochondria, a maturation step replacing the original acyl chains with specific C 18 unsaturated ones is required.
The generation of mature CL requires a cycle of two reactions: the hydrolysis of one original acyl chain to generate a monolyso-CL (MLCL), now containing only three acyl groups, followed by the reacylation of MLCL with a specific C 18 acyl chain. Phospholipase A2 catalyzes the first step of acyl chain removal [18] . However, the enzyme catalyzing MLCL-acyltransferase activity has not been identified [18, 19] .
Barth syndrome (OMIM # 302060) is the only human genetic disorder discovered where alterations of CL metabolism are a primary cause of disease [20, 21] . This X-linked genetic disorder is due to mutations in the tafazzin gene (TAZ) located on region Xq28 [22] . Analyses of the CL profile of different tissues obtained from Barth syndrome patients revealed a decrease in CL and an increase in MLCL and sequence alignments of TAZ showed homology with the glycerolipid acyltransferase family [23] [24] [25] . While these data suggest TAZ encodes the mitochondrial MLCL acyltransferase, the biochemical function of Tafazzin has not been fully characterized. Fig. 2 The non-bilayer hexagonal structure of lipids was characterised in vitro and proposed to contribute to the structure of contact sites between the inner and outer membranes of mitochondria. Negativelycharged phospholipids (such as cardiolipin) are more likely to adopt this structure which may fuse the mitochondrial membranes at the contact sites and redistribute cardiolipin on the cytosolic face of the mitochondria Cardiolipin localization in mitochondria CL is specific to mitochondrial membranes but its precise location within the different compartments of the organelle is still the subject of controversy. For many years CL was assumed to be associated exclusively with the mitochondrial inner membrane where, as measured in bovine heart mitochondria, it represents ∼25% of the total phospholipids [26] . More recently CL has also been identified in the mitochondrial outer membrane (∼4%) and especially at the contact sites connecting the outer membrane with the inner one [27] [28] [29] . Through the contact sites, CL may reach the mitochondrial outer membrane and the cytosolic face of the mitochondria. This notion is supported by the fact that the two major phospholipids present in contact sites, phosphatidylethanolamine (PE) and CL (∼25% each) have the ability to adopt a non-bilayer hexagonal H II phase in vitro (Fig. 2) [30]. Such structures can contribute to the fusion of two membranes [31] .
The role of cardiolipin in bioenergetics
The exclusive presence of CL in bioenergetic membranes suggests that it interacts with the electron transport chain complexes involved in oxidative phosphorylation. Indeed, CL is required for optimal activity of complex I (NADH:ubiquinone oxido-reductase), complex III (ubiquinone:cytochrome c oxido-reductase), complex IV (cytochrome c oxidase) and complex V (ATP synthase), four large complexes integrated in the inner mitochondrial membrane [32, 33] . Further, complexes III, IV and V were shown to contain CL in their quaternary structure [32, 34, 35] and CL was observed within the 3D crystal structure of Eschericia Coli succinate dehydrogenase, an ortholog of the mitochondrial respiratory complex II (succinate:ubiquinone oxido-reductase) [36] . CL is also required by mitochondrial substrate carriers, including the adenine nucleotide translocator (ANT), acylcarnitine translocase and phosphate carrier [37] [38] [39] [40] . It was reasonable to predict therefore that a deficiency in CL would result in alterations in cell respiration. A Chinese hamster ovary (CHO) cell line containing a temperature-sensitive (ts) mutant of PG synthase (CHO-PGS-S) has provided the first indication of the potential involvement of CL in cellular bioenergetics [41] . At the non-permissive temperature (40
• C) these cells exhibit a decrease in oxygen consumption and ATP production, accompanied by a compensatory increase in glycolysis [42] . However, since these cells have reduced levels of both PG and CL at 40
• C, it is not possible to attribute these bioenergetic defects to CL alone. Other studies using the CL synthase deficient yeast mutant crd1 , have provided more direct evidence for the requirement of CL for mitochondrial bioenergetics. Somewhat surprisingly, the crd1 mutant could grow, though not as efficiently as wild type yeast, on non-fermentable carbon sources, indicating that CL is not essential for oxidative phosphorylation [43] . However, several bioenergetic defects, associated with a reduction of ANT activity, reduced mitochondrial membrane potential and an overall decrease in oxidative phosphorylation, were observed in the crd1 mutant when grown under stress conditions [44] [45] [46] . Thus, CL appears to be required for sustained mitochondrial inner membrane integrity and function.
Cytochrome c is an essential hemoprotein which functions as a mobile electron carrier between complex III and complex IV. Only 15% of cytochrome c is free in the intermembrane space [47, 48] while most of it is attached to the mitochondrial inner membrane via specific interactions with CL [49, 50] . Two types of interactions, hydrophobic and electrostatic, have been linked to two distinct CL binding sites on cytochrome c. Initially, these interactions were thought to play a role in the electron-shuttling activity of cytochrome c by keeping the molecule in the proximity of the respiratory chain [50] . More recently, CL-cytochrome c interactions were suggested to participate in the regulation of apoptosis (see below).
Cardiolipin maintains the structure of the mitochondrial inner membrane
The mitochondria of CHO-PGS-S cells appear swollen and have disorganized cristae [42, 51] . However, as mentioned above, these alterations cannot be solely attributed to CL since these cells lack both CL and PG. A more recent study of HeLa cells in which the expression of CL synthase was decreased by RNA interference (RNAi) indicated that CL is directly required for maintenance of mitochondrial structure [52] . This report, however, contrasts with the phenotype of the crd1 yeast mutants, which lack CL but maintain normal mitochondrial morphology [53] . The differences between CL synthase-deficient mammalian cells and yeast may be due the ability of PG to supplant the membrane-preserving function of CL in yeast.
Cardiolipin in relation to apoptosis
Cardiolipin levels and oxidative stress Loss of CL is associated with diverse pathophysiological conditions such as ageing and ischemia/reperfusion processes [54, 55] . For example, the loss of CL during ischemia/reperfusion is followed by a decrease in oxidative phosphorylation which may contribute to myocyte death in the peri-infarct regions of the ischemic myocardium. The decline in mitochondrial respiratory functions the accumulation of reactive oxygen species (ROS). Under normal physiological conditions mitochondrial CL may protect cells from oxidative stress in part through the deacylation-reacylation cycle discussed above. However, CL is also a vulnerable target of ROS due to its unsaturated acyl chains and its close proximity to ROS generation sites. ROS cause the peroxidation of CL and a parallel decrease in the activities of complexes I and IV [56, 57] . Currently this seems to be very much a "chicken and egg" issue, and it is unclear whether ROS trigger the loss of CL or whether loss of CL triggers ROS generation. It is clear, however, that during many cell death processes ROS and loss of CL are closely linked in a cycle of CL peroxidation. Peroxidation of CL also occurs following a variety of apoptotic stimuli such as nitric oxide, Fas receptor stimulation, NGF deprivation, staurosporine and actinomycin D [58-60]. Interestingly, apoptosis via a pathway involving a decrease in CL synthesis was seen in neonatal rat cardiac myocytes and in breast cancer cells treated with saturated fatty acids, particularly palmitate [61, 62] .
Cardiolipin-Cytochrome c interactions regulate cytochrome c release As mentioned above, the majority of cytochrome c is bound to the outer leaflet of the mitochondrial inner membrane. Cytochrome c has a net charge of +8 at physiological pH allowing it to bind membranes primarily through electrostatic interactions with the head groups of anionic phospholipids such CL [49, 50] . Cytochrome c has a hydrophobic cavity which may account for hydrophobic interactions with the fatty acyl chains of CL [63] . Two CL binding sites on cytochrome c have been proposed; the A-site which facilitates electrostatic interactions with the negative charges of CL and the C-site which is involved in hydrophobic interactions with the fatty acyl chain of CL [50] . These sites are responsible for two different conformations of cytochrome c in the intermembrane space: a loosely bound conformation involving site A and a tightly bound conformation at site C that partially embeds the protein in the membrane [64] . Loosely bound cytochrome c participates in the transfer of electrons from complex III to complex IV, as well as in ROS scavenging [65, 66] . Tightly bound cytochrome c was proposed to possess peroxidase activity that utilizes hydrogen peroxide generated in the mitochondria to peroxidate CL (see below) [58] .
For both types of CL binding it was proposed that cytochrome c release from mitochondria would first require the dissociation of its interactions with CL ( Fig. 3) [67, 68] . This is consistent with recent findings showing that in CL-deficient cells, a greater fraction of cytochrome c is free or loosely bound [52] . The fact that, in vitro, cytochrome c has a lower affinity for peroxidized CL than CL, suggests that CL peroxidation may enable cytochrome c detachment from the inner membrane (Fig. 3) . Complete release of cytochrome c into the inter-membrane space requires dissociation of both the hydrophobic and the electrostatic interactions between cytochrome c and CL [69] . The final release of cytochrome c from mitochondria requires additional steps in the process, consisting of the permeabilization of the outer membrane. Cristae remodelling was also shown to be required for cytochrome c re-distribution within the mitochondrial inter-membrane space before its release [70] but whether the dissociation of CL-cytochrome c interactions is related to this process awaits further studies. Still, the studies described above strongly indicate that CL and cytochrome c are physically associated and for some functions at least they are also interdependent.
Cardiolipin: Docking site for tBid
Bid is a pro-apoptotic protein of the diverse Bcl-2 family, possessing sequence homology only within the conserved Bcl-2 Homology 3 (BH3) domain [71] . Bid has attracted increasing interest since it was identified to be a substrate of caspase-8 in response to activation of death receptors such as Fas. During apoptosis, N-terminal cleavage of Bid by caspase-8 produces p15 tBid, the active form which rapidly targets mitochondria and triggers cytochrome c release [72, 73] . One important target of tBid on the mitochondrial outer membrane is Bax, a multi-BH domain pro-apoptotic Bcl-2 protein which interacts with the BH3 domain of tBid [74] . In fact, tBid binding to the first α helix of Bax was shown to be crucial for the pro-apoptotic activity of tBid [74] . The first apoptosis-promoting role of CL emerged from biochemical studies of tBid interactions with mitochondrial lipids using liposomes and the CHO-PGS-S cell line [75] . Wang and co-workers showed that the pro-apoptotic protein tBid interacts exclusively with liposomes that contain at least physiological levels of CL and demonstrated that tBid co-localization with CHO-PGS-S mitochondria is CL-dependent. The CL-binding domain of tBid was mapped to helices 4-6 of the Bid protein [75] . Interestingly, helix 6 was later shown to be a part of a hairpin structure which is important for the lipid binding properties of tBid [76] . Subsequently, electron tomogram studies showed that tBid interacts with mitochondria specifically at the inner and outer membrane contact sites, which are rich in CL (Fig. 4(A) ) [77] . As discussed above, CL-rich membranes may adopt a non-bilayer hexagonal H II configuration at the contact sites (Fig. 2) , enabling access of CL to the cytosolic surface of mitochondria [27] . The model of CL as a mitochondrial "docking" site for tBid is supported by several studies. For example, in vitro assays using artificial membranes or isolated mitochondria showed that recombinant tBid can bind CL and MLCL [78] [79] [80] [81] [82] [83] . Adding tBid to isolated mitochondria immediately inhibits ADP-stimulated respiration and oxidative phosphorylation, as a result of ANT inactivation [84, 85] . The function of tBid may be either BH3-domain-dependent or independent. The former induces oligomerization of the multi-BH domain pro-apoptotic Bcl-2 proteins Bax and Bak on the mitochondrial outer membrane, while a BH3-independent interaction of tBid with CL [82] could be responsible for cristae remodelling, [80] and for inhibition of oxidative phosphorylation [85] . Cristae remodelling and perturbations of mitochondrial bioenergetics take place simultaneously and are both independent of Bak. It is possible therefore that tBid acts by two sequential mechanisms: the first is BH3 domain independent, which involves CL, leading to structural and functional impairment, and the second is BH3 domain dependent, employing interactions with other pro-apoptotic Bcl-2 proteins, namely Bak and Bax, leading to mitochondrial outer membrane permeabilization. Thus, the interaction of tBid with CL may prime mitochondria for the action of Bax and Bak.
Cardiolipin redistribution
Another feature of CL observed under apoptotic conditions is its redistribution within and between membranes. The exposure of CL on the outer leaflet of the mitochondrial inner membrane was observed after death receptor stimulation before mitochondria depolarization and PS exposure on the plasma membrane, and at the same time as ROS generation [86] . Peroxidation of CL may account for their redistribution by altering their molecular organization and favouring formation of a non-bilayer hexagonal structure [87] . This could increase exposure of CL on the contact sites of mitochondrial membranes and provide access for tBid. It is also suggested that Bid, which exhibits lipid transfer activity in vitro, relocates CL and MLCL to the plasma membrane of cells undergoing apoptosis [88, 89] . The mechanism and the significance of this relocation are still unclear. In addition, tBid may reorganize CL into micro-domains as was demonstrated in artificial lipid monolayers containing physiological amount of CL [85] . Considering the possible role of CL in maintaining mitochondrial structure, changes in CL organization may result in structural changes of the mitochondrial inner membrane which in turn may affect the activity of membraneembedded proteins such as ANT. Therefore, it is conceivable that tBid affects the structure and function of mitochondria by binding to and redistributing mitochondrial CL within the mitochondrial inner membrane and/or within other cellular compartments.
Cardiolipin and permeabilization of the mitochondrial outer membrane CL was also proposed to be required for the action of other pro-apoptotic Bcl-2 proteins [90] . To study individual functions of Bcl-2-family proteins Newmeyer and co-workers took an in vitro approach using liposomes and outer mitochondrial membrane vesicles. Their work has provided evidence that permeabilization of liposomes to dextran required both the presence of activated Bax and physiological levels of CL. Therefore, it was suggested that Bax may permeabilize the mitochondrial outer membrane by altering the local organization of CL without overall damage to the membrane itself (Fig. 4(B) ). In contrast to this report, other studies using either the CL synthase deficient yeast crd1 , or mitochondria from CL synthase knocked-down cells have shown that Bax does not require CL for the induction of cytochrome c release [52, 84, 91] . However, as discussed above, it is possible that in yeast, PG, which accumulates in the absence of CL synthase, compensates for the loss of CL. It still awaits clarification whether CL or its PG precursor are needed, for Bax to release cytochrome c [92] . This is particularly interesting since hydrophobic and electrostatic interactions make a different contribution to the binding of cytochrome c to CL or PG [93] .
Cardiolipin-cytochrome c peroxidase activity CL peroxidation appears to be an early event preceding the release of cytochrome c and caspase activation. The mechanism of CL peroxidation and its involvement in apoptosis has gained more attention recently [58, 94] . Kagan and colleagues showed that cytochrome c can interact with CL that contains two or more unsaturated acyl groups (C 18:2 mostly) to form a hydrogen peroxide peroxidase capable of oxidizing CL to peroxi-CL (Fig. 3) . Using cytochrome c −/− mouse embryonic cells they provided the first evidence that cytochrome c is required for the peroxidation of CL. CL-cytochrome c complex acts as a potent CL-specific oxygenase required for the release of pro-apoptotic factors such as cytochrome c and smac/diablo. It is noteworthy that oxidized CL does not merely allow cytochrome c to detach from the mitochondrial inner membrane but rather has an active role in inducing apoptosis: when added to isolated mitochondria, oxidized CL alone induces cytochrome c and smac/diablo release [58] . Importantly, the peroxidase activity of the CL-cytochrome c complex depends on unsaturated acyl chains on CL. Indeed, incubation of HL60 cells with the poly-unsaturated fatty acid docosahexaenoic acid (C 22:6 ), enriches CL with C 22:6 acyl chains, sensitizing the cells to staurosporine-induced apoptosis [58] . This promoted the notion that enriching CL with saturated acyl chains may protect from apoptosis. But although in vitro, saturated CL cannot stimulate CL-cytochrome c peroxidase activity [58] , CL synthase in a cellular context does not incorporate saturated PG to form fully saturated CL [62] . Nevertheless, the results, together with the suggestion that oxidized CL may have a promoting effect on the pro-apoptotic activity of Bcl-2 proteins, point to the importance of CL acyl chain composition and suggest that manipulation of CL oxidation may present a good target for sensitising cells to apoptosis. This also raises the question whether Bcl-2 proteins can regulate CL-cytochrome c peroxidase activity.
Conclusions and perspectives
Since their characterization in 1942 research has yielded increasing knowledge of the structure, localization and biosynthetic pathway of CL. Due to its specific location in the mitochondrial membranes, CL has long been viewed through its interactions with mitochondrial proteins: because it is required for the optimal activity of most of the respiratory chain complexes and of several mitochondrial substrate carriers, CL is crucial for efficient oxidative phosphorylation and for correct function and structure of the mitochondrial inner membrane.
In addition to its role in maintaining mitochondrial integrity, it is now clear that CL participates in the mitochondrial apoptotic pathway. CL is turning out to be involved in many of the mitochondrial-dependent steps that lead to the release of apoptogenic factors. These steps include interactions with Bcl-2 proteins, cytochrome c association with and dissociation from the mitochondrial inner membrane, alteration of the structure of the mitochondrial inner membrane and permeabilization of the outer one. Moreover, this review emphasized that CL undergoes both reorganisation and modification within the mitochondrial membranes. Degradation of CL into MLCL and transition of CL to the mitochondrial outer membrane (and potentially to the plasma membrane) appear to be early events in apoptosis. Peroxidation of the acyl chains of CL also plays a crucial role in its apoptotic functions. In fact, this event is catalyzed by cytochrome c and is required for the release of cytochrome c itself, and of other apoptogenic factors, from mitochondria.
By way of analogy with sphingomyelin in the plasma membrane, it is conceivable that CL participates in the formation of signalling platforms in the mitochondrial membranes. The arrival of an apoptotic stimulus at the mitochondrial surface may result in the redistribution of CL into microdomains and in further amplification of the apoptotic signal. This reorganization of CL could lead to the remodelling of the mitochondrial cristae and to the loss of mitochondrial functions observed during apoptosis. However, the presence of CL domains in mitochondria, their structure and the effect of peroxidation on their organization are not well understood.
This review also highlighted the importance of CL acyl chain composition. CL strictly contains unsaturated fatty acyl chains, which are readily oxidizable targets. Manipulating the degree of saturation of the CL acyl chains may represent a new means of controlling the cell's fate. New strategies designed to pharmacologically manipulate the oxidation sensitivity of CL may help control cell death and open new prospects for the treatment of pathologies with diminished or excessive apoptosis. The recent surge of research into CL will hopefully provide better understanding both of acyl chain remodelling and of the role of CL in apoptosis in the near future. 
